Morphological species concepts are still widely used in bryophyte taxonomy. Classification within morphologically stable groups is usually unproblematic. When many phenotypes exist, definition of morphospecies is more difficult and is often the subject of controversy. Notorious in this respect is the liverwort genus Plagiochila (Dumort.) Dumort. Morphospecies of Plagiochila are distinguished by considerable gametophytic variation such as leaf shape, dentition, and cell size, making it sometimes impossible to find two morphologically fully identical populations. Many early bryologists tried to cope with the bewildering diversity in Plagiochila by creating numerous binomials, often based on single collections (e.g., Gottsche 1863 Gottsche -1867 Spruce 1884 Spruce -1885 Stephani 1902 Stephani -1905 ) from limited geographic ranges. In recent revisions (e.g., , acceptance of broader morphological variation has often lead to range extensions of assumed endemics.
The origin and relationships of the Atlantic European Plagiochila flora have been unclear for a long time. However, recent investigations (Groth et al. 2002 Heinrichs et al. 1998a Heinrichs et al. ,b, 2000 Heinrichs et al. , 2002b Rycroft et al. 2001 Rycroft et al. , 2002 have demonstrated that the species forming the majority of Plagiochila taxa from Atlantic Europe are close to or conspecific with species from tropical America. Heinrichs et al. (1998a,b) presented morphological evidence for the conspecificity of Plagiochila killarniensis Pearson, which was described from material gathered in the British Isles, and P. bifaria (Sw.) Lindenb., whose type originates from Jamaica, and accepted a broad morphological variation for the taxon. Rycroft et al. (1999) ; however, found differences between the lipophilic secondary metabolite profile of P. bifaria populations from Europe and one report from tropical America (Asakawa & Inoue 1987) . They retained ''both names . . . for the purposes of [their] paper,'' purely as a convenient device to simplify discussion of the results with no intention of expressing a taxonomic opinion. However, Söderström et al. (2002) cited these chemical differences when airing doubts over the proposed synonymy. analyzed ITS sequence variation of 40 Plagiochila species and demonstrated that P. bifaria populations from Ecuador and Tenerife form a monophyletic lineage. Rycroft (2003) found the lipophilic secondary metabolites of one of the Ecuadorian specimens essentially similar to those of Irish material from near the type locality of P. killarniensis (and to those of European, including Macaronesian, material in general). In order to further verify the P. bifaria synonymy proposed by Heinrichs et al. (1998a,b) we now add P. bifaria sequences from Europe and Central and South America (Andes and Southeastern Brazil) that extend coverage to all regions of the range and that include several different morpho-and chemotypes.
MATERIALS AND METHODS
Morphology. This investigation is based on specimens from the herbaria F, FLAS, G, GOET, JE, INB, LPB, MO, NY, RB, S, STR, U, and W.
DNA extraction. Plant tissue from the distal portions of a few shoots were selected from Costa & Gradstein 3805, Heinrichs et al. 4402, Heinrichs et al. 4394, and Rycroft 01014 (all GOET) . Total genomic DNA was extracted with Invisorb Spin Plant Mini Kit (Invitek).
PCR-amplification. The 5Ј-primer Hep2f (5Ј-GAG TCA TCA GCT CGC GTT GAC-3Ј) (Groth et al. 2002) and the 3Ј primer HepCr (TCT CCA GAC TAC AAT TCG CAC A) were used to amplify the internal transcribed spacer (ITS) region of the nuclear ribosomal DNA containing ITS1, ITS2, and the 5.8S gene. The polymerase chain reaction (PCR: Saiki et al. 1988) was performed in a total volume of 50 l, containing one unit Taq-DNA-polymerase (SilverStar, EuroGenTech), 5 l Taq polymerase reaction buffer (EuroGenTech), 2 l MgCl 2 (50 mM), 1 l dNTP-mix (10 mM, MBI Fermentas), 2 l dimethylsulfoxide, 1 l each of forward and reverse primer (10 mM), and 1 l template. PCR amplification was carried out using the following program: 120 sec. initial denaturation at 92ЊC, followed by 30 cycles of 60 sec. denaturation at 92ЊC, 50 sec. annealing at 51ЊC, and 90 sec. elongation at 72ЊC. Final elongation was carried out in one step (10 min. 72ЊC). Sequencing was carried out on an ABI 3100 capillary sequencer using the BigDye Terminator Cycle Sequencing v2.0 kit (PE Biosystems).
Phylogenetic analyses. 22 nrITS Plagiochila sequences of representatives of Plagiochila sects. Arrectae Carl, Fuscoluteae Carl, and Rutilantes Carl from previous studies (Groth et al. 2002 (Groth et al. , 2004 Heinrichs et al. 2002a ) as well as four new nrITS sequences of Plagiochila bifaria were used for the phylogenetic analyses ( Table 1 ). The 26 ITS1 and ITS2 sequences were manually aligned using BioEdit version 5.0.9 (Hall 1999) . The resulting dataset that comprises 608 putatively homologous sites is available from JH. Previous analyses (e.g., Groth et al. 2002; ) demonstrated the sister relationship of Plagiochila sects. Arrectae and Rutilantes. Hence, Plagiochila aerea Taylor and P. fuscolutea Taylor (P. sect. Fuscoluteae) were assigned to the outgroup in the phylogenetic analyses.
Phylogenetic trees of the above data set were inferred using distance (neighbor-joining; NJ), maximum parsimony (MP), and maximum likelihood (ML) criteria as im-plemented in PAUP* version 4.0b10 (Swofford 2000) . To decide on the evolutionary model that fits the data best, the program Modeltest 3.06 (Posada & Crandall 1998) was used, which employs two statistics: the likelihood ratio test (LRT) and the Akaike information criterion (AIC, Akaike 1974) . Based on the results of the tests, the model selected by the hierarchical LRT was the HKY85 model (Hasegawa et al. 1985) with gamma shape parameter (G) for among site variation calculated from the data set (HKY85ϩG). Maximum likelihood analyses (with the parameters of the HKY85ϩG model) were implemented as heuristic searches with 10 random-addition sequence replicates.
The confidence of branching was assessed using 200 bootstrap resamplings in ML analysis (using the HKY85ϩG model) and 1,000 resamplings in distance (neighbor-joining method using the HKY85ϩG model) and unweighted MP (heuristic searches with 10 random addition sequence replicates) of the data set (Felsenstein 1985) .
NMR and GC-MS profiling. The methods used to determine and quantify the components of deuterochloroform extracts of the liverwort specimens were as described previously (Rycroft et al. 2002) .
RESULTS
The maximum likelihood analysis produced a single tree in which the 24 ingroup sequences are resolved into two well supported lineages that correspond to Plagiochila sects. Arrectae Carl and Rutilantes Carl (Fig. 1) . Branch length variation within the Arrectae is less than in the Rutilantes. Monophyly of sequences from different P. spinulosa and P. stricta populations Rycroft et al. 2002 ) is confirmed, but only the P. spinulosa clade is well supported by bootstrap analyses.
All seven Plagiochila bifaria sequences form a robust clade within the Arrectae lineage. Lengths of the P. bifaria sequences vary between 330 and 353 bp (ITS 1) and 246-255 bp (ITS 2). The length variation is caused mainly by an indel at the end of ITS 1 ( Fig. 2) that until now was known only from representatives of P. sect. Rutilantes (Groth et al. 2002; Heinrichs et al. 2002a) . The same indel occurs in two of the P. bifaria sequences (specimens from Bolivia and Costa Rica), whereas the other P. bifaria sequences lack only parts of this sequence sector.
The sequences from the British, Tenerife, and Ecuadorian P. bifaria specimens are placed in a well supported subclade. They represent what might be called the 'methyl everninate chemotype' (see Rycroft 2003) . Sequences of P. bifaria from Bolivia, Brazil, and Costa Rica comprise a paraphyletic grade at the base of the clade.
The ITS sequences of Plagiochila bifaria have been generated from phenotypes with extremely different leaf dentition and leaf shape (see . The morphological differences are not reflected in the molecular topology: the Ecuadorian specimen A similar situation is valid for the dentition of the perianth mouth. The Ecuadorian specimens (Holz EC-01-113 and 416) that were collected on the same mountain slope in southern Ecuador, show considerable variation in the length of the perianth teeth (Figs. 3D,G) . The Costa Rican plant has strongly fragmenting leaves that disintegrate even in the field when the moistened plants are touched (Figs. 4A,E). The other specimens have moderately fragmenting leaves at most.
The Bolivian plant, resolved at the base of the P. bifaria clade, is distinguished by its robust habit and the numerous lateral intercalary branches that form a pinnate habit (Fig. 5D ). This phenotype is common in the Bolivian Andes at elevations above 2,500 m. The apical leaf teeth of the plants sequenced are at best slightly larger than the triangular teeth of the ventral leaf margin (Figs. 5A,B) . However, this phenotype often grows intermingled with plants with elongate-triangular teeth to ciliate teeth and larger apical teeth. The numerous branches are not present in all robust plants and furthermore occur within some delicate P. bifaria phenotypes.
The phytochemical data are presented in Table 2 and the chemical structures in Fig. 6 . The data demonstrate a close relationship of the lipophilic secondary metabolite distributions in specimens (viii), Tenerife, and (ix), Ecuador. These two profiles are similar to those of Scottish and Azores material (Rycroft et al. 1999) . Madeiran material gives similar results (Rycroft 1999) , as does a range of material from the British Isles. Compounds 7 and 10 are still unknown, but have been correlated with singlets for methyl groups in the 1 H NMR spectra at ␦0.757 and 0.745 ppm, respectively. The three Bolivian specimens (i-iii) display a different and rather uniform profile of compounds that is suggestive of some examples of P. retrorsa Gottsche (Rycroft et al. 2001) . Two of the Brazilian specimens, (iv) and (vi), and the Costa Rican, (vii), contain a similar range of compounds, but the profiles are distinct. The profile of the Brazilian specimen (v) is very different and, at first sight, most of the compounds present seem to be unrelated to most of those in Table 2 . Compound 11a appears to be new but was not isolated. The structure is based on anal-FIGURE 1. Molecular phylogeny of Plagiochila species based on nrDNA ITS1-and ITS2-sequence comparisions using 608 aligned positions. The rooted tree resulted from a maximum likelihood analysis of 26 sequences (including the outgroup sequences), using the HKY85ϩG model with estimated gamma shape (G ϭ 0.52) and transition/transversion ratio (Ti/Tv ϭ 1.88), calculated as the best model by Modeltest 3.06 (Posada & Crandall 1998) ; bootstrap percentage values (Ͼ50%) were determined for maximum likelihood (using HKY85ϩG; bold), unweighted maximum parsimony (not bold), and neighbor-joining (HKY85ϩG; italics, not bold) methods.
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ysis of signals in the 1 H NMR spectrum and GC-MS experiments; correlations between the two types of data were inferred from relative intensities. GC-MS established a molecular mass of 246; the base peak at m/z 121 together with NMR signals at ␦3.792 (methoxyl) and 7.11 ppm (half of AAЈBBЈ system) demonstrated the presence of a 4-methoxybenzyl moiety. An [M-58] ϩ ion is characteristic of a methyl ketone undergoing fragmentation beta to the carbonyl group with transfer of a proton in a McClafferty rearrangement. It may be deduced that compound 11a is a 9-(4-methoxyphenyl)non-6-en-2-one (a 4-or 5-ene would not undergo the McClafferty rearrangement and a 7-ene would require the presence of 1 H NMR signals in a region of the spectrum that is in fact clear). There are signals in the 1 H NMR spectrum [␦3.790 (methoxyl) and 7.08 ppm (half of AAЈBBЈ system)] consistent with a second compound that contains a 4-methoxybenzyl moiety, at a level (ca 12 mol t Ϫ1 ) slightly less than that of compound 11a. The corresponding peak in the GC-MS (at a slightly longer retention time) with the base peak at m/z 121 shows that the molecular mass of this compound, 11b, is 244. This compound therefore has one double bond more than 11a and is deduced to be a 9-(4-methoxyphenyl)nona-3,6-dien-2-one (the assignment of the double bonds is based on the absence of signals that would be required by alternative possibilities). There are another three peaks in the GC-MS with similar TIC integrals. The mass spectra of these compounds are consistent with the following partial structures (in order of increasing retention time): 11c: 9-(dimethoxyphenyl)non-6-en-2-one (molecular mass 276, base peak 151); 11d: 9-(dimethoxyphenyl)nona-3,6-dien-2-one (molecular mass 274, base peak 151); 11e: 9-(hydroxydimethoxyphenyl)nona-3,6-dien-2-one (molecular mass 290, base peak 124). An additional peak of similar intensity appears with the longest retention time in the GC-MS when the extract is acetylated and is apparently derived from 11f: 9-(dihydroxymethoxyphenyl)nona-3,6-dien-2-one (molecular mass 276, base peak 124). The even-numbered m/z of the base peak in 11e and 11f indicates that benzylic fragmentation is accompanied by proton transfer to the ketonic fragment from a hydroxyl group of the benzyl fragment. Methyl ketone signals in the 1 H NMR spectrum support the assignment of the double bond and carbonyl positions: ␦2.016 and 2.024 ppm for the non-congugated ketones 11a and 11c, ␦2.132 ppm for undecan-2-one (2), and ␦2.239 ppm for the congugated ketones 11b, 11d, 11e and 11f. We have not been able to assign the configuration of the double bonds.
Both the chemical and the morphological variation of neotropical P. bifaria are larger than that of European P. bifaria. The European (including Macaronesian) populations investigated so far belong to a single chemotype, which has considerable variation in the proportions of the minor constituents, whereas at least three different chemotypes have been recognized within the Neotropical material. Morphological variation within European stands of P. bifaria is generally lower than within neotropical populations. Phenotypes with long-ciliate leaf teeth or distinctly elongate-triangular, sometimes lobelike apical teeth have not been observed within European gatherings.
Taxonomic treatment. The overall impression of the molecular investigation is that the broad species concept of P. bifaria proposed by Heinrichs et al. (1998a,b) should be maintained. Concentrations were determined from integration of 400 MHz proton NMR spectra; '-' indicates that a compound was not detected; 'tr.' indicates trace detected; parentheses denote detection by GC-MS only. The table includes the four most abundant compounds in each extract and in addition any compounds with Q Ͼ 10 mol t Ϫ1 in any extract as long as Q Ͼ 15% of the most abundant compound in that extract, except that for specimen (v) there are another five compounds with Q ഠ 12 mol t Ϫ1 (one 9-arylnon-6-en-2-one and four 9-arylnona-3,6-dien-2-ones) for which only partial structures were elucidated (see text).
Compound
Specimen number methyl 6-hydroxy-2-methyl-3,4-methylenedioxybenzoate
3,5-dimethoxy-9,10-dihydrophenanthren- 2-ol  9  33  51  27  -6  15  4  2  13 2,3,5-trimethoxy-9,10-dihydrophenanthrene 0.3 2 3 9 -9 1 --14 3-methoxy-9,10-dihydrophenanthrene-4,5-diol -------14  5  15 3,7-dimethoxy-9,10-dihydrophenanthren-2-ol 0. 2  1  1  11  -2  1  --16  methyl 4-hydroxy-4Ј-O-methyllunularate  3  9  10  12  -6  4  --17 3,7-dimethoxy-9,10-dihydrophenanthren-4-ol ---tr. --4  --18 2,3,7-trimethoxy-9,10-dihydrophenanthrene ---11 -6 tr. Plagiochila bifaria is widespread in mountainous regions of the Neotropics from Mexico southwards to Bolivia and southeastern Brazil and also occurs in Atlantic Europe including Macaronesia (Fig. 7) . In the Neotropics the species grows in moist forests and shrubby communities of the subparamo at elevations between 500 and 4,200 m, often as an epiphyte on trunks, branches, and twigs.
DISCUSSION
Acceptance of high levels of morphological and phytochemical variation and broad distributions of bryophyte species may result in lumping nonmonophyletic units, especially in groups such as Plagiochila that have few characters. However, sequencing variable regions of chloroplast or nuclear ribosomal DNA has proved to be a powerful tool to test species concepts and to reconstruct dispersal events (e.g., McDaniel & Shaw 2003; Shaw et al. 2002) .
High infraspecific ITS variation seems to be common in bryophytes and is evident for several genera and families e.g., Amblystegiaceae (Vanderpoorten et al. 2001) ; Bryum (Longton & Hedderson [VOL. 107 THE BRYOLOGIST 2000) ; Fontinalis (Shaw & Allen 2000) ; Hylocomium (Chiang & Schaal 1999) ; Mielichhoferia (Shaw 2000) ; and Plagiochila Rycroft et al. 2002) . ITS variation in some genera of mosses is so high that sequences cannot be aligned successfully (Shaw et al. 2002; Vanderpoorten et al. 2001) . Other studies of moss species indicate that morphologically inseparable units are poly-or paraphyletic, e.g., Fontinalis antipyretica Hedw. (Shaw & Allen 2000) and Hygroamblystegium tenax (Hedw.) C.Jens. (Vanderpoorten et al. 2001) . Morphological species concepts in Plagiochila have been confirmed so far by phylogenetic analyses of nrITS sequence variation . In addition, the topologies obtained from the nrITS region are largely congruent with those resulting from analyses of chloroplast markers (rps4, rbcL; Groth & Heinrichs, unpublished) .
Similar ITS sequences from representatives of Plagiochila sect. Arrectae from Europe and the neotropics indicate rapid morphological diversification of the group and suggest distribution by long distance dispersal events. Sporophytes of P. bifaria were observed by DSR on Madeira in 1999, occur frequently within Azorean populations (Bates & Gabriel 1997) , and are often present in neotropical specimens. The maximum likelihood analysis of the P. bifaria sequences from Europe and the neotropics did not result in separate clades, supporting a relatively recent spore dispersal event between both floristic kingdoms. The more uniform morphology of European P. bifaria may be the result of less favorable growing conditions (limiting the number of viable ecotypes) or a few dispersal events originating from a Neotropical population.
The lack of the 20 bp sequence at the end of ITS1 within some of the P. bifaria sequences is further support for the sister relationship of the P. sects. Arrectae and Rutilantes, which is inferred not only from phylogenetic analyses of ITS sequences (e.g., Groth et al. 2002 , Heinrichs et al. 2002a ) but also from large overlap in secondary metabolite composition (Anton 2001) and morphology (oil bodies, branching pattern, sporophyte, see Groth et al. 2002 , Heinrichs et al. 2002a .
The phytochemical profiles in Table 2 demonstrate that there are at least three chemotypes within neotropical material of P. bifaria. Specimens (i)-(iv), (vi), and (vii) are characterized by a range of 9,10-dihydrophenanthrenes (e.g., 12), specimen (viii) by a large amount of methyl everninate (6), and specimen (v) by several 9-arylnon-6-en-2-ones (e.g., 11a). The methyl everninate chemotype is also present in Europe (including Macaronesia). It was noted previously (Rycroft et al. 1999 ) that two of the minor compounds (8 and 9) in the methyl everninate chemotype were particularly weak in material from the Azores in comparison to Scottish material. It can now be seen that this is not a Macaronesian characteristic as the Tenerife specimen (ix) (as well as Madeiran material and other European material not presented in detail here) has a phytochemical profile similar to that of Scottish material. By quantifying the amounts of compounds present in the plant extracts it can be seen that the dominating position of methyl everninate exists because of high levels of this compound rather than low levels of the other constituents.
Although the benzenoid compounds in the 9-arylnon-6-en-2-one chemotype specimen (v) appear radically different from those in the other specimens, the nonylbenzene carbon skeleton of these compounds is in fact the same as that of compounds thought to be involved in the biosynthesis of lunularic acid, bibenzyls, and 9,10-dihydrophenanthrenes, as has been demonstrated in the case of cyclic bis(bibenzyl) biosynthesis in Marchantia polymorpha L. (Friederich et al. 1999) . It is possible that only relatively minor changes to biosynthetic pathways are required for 9-arylnon-6-en-2-ones to be produced rather than the other aromatic compounds in Table 2 . The earlier phytochemical study of P. bifaria (Rycroft et al. 1999 ) noted that the GC-MS profile reported by Asakawa and Inoue (1987) for a Peruvian specimen demonstrated that it was chemically distinct from European material. The major component of the GC-MS profile was reported to have molecular mass 274 (base peak 151); it is possible that this refers to compound 11d and that the Peruvian specimen (Inoue 34048) belongs to the 9-arylnon-6-en-2-one chemotype.
The similarity between the profiles of specimens (i)-(iii) and those of some examples of P. retrorsa reinforces the observation made in earlier studies (Heinrichs et al. 2002c; Rycroft et al. 2001 ) that phytochemical profiles cannot necessarily provide unambiguous species identification.
The well-supported subclade ( Fig. 1 ) containing ITS sequences from the British, Tenerife, and Ecuadorian specimens is congruent with the methyl everninate chemotype in so far as the chemistry has been studied (specimen Holz EC-01-113 was not analyzed chemically). The evidence shows there is no case to establish a variety based on regional distributions and chemistry. In view of the morphological differences exhibited by the specimen Holz EC-01-113 (compared to the other specimens in the subclade), evidence does not support establishment of a variety based on congruence of the chemical differences with the phylogenetic subclade.
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